Purpose: Multi-series CT examination is common in the clinic, but no metric is agreed upon to report the overall dose from such an examination. This work proposes a relevant metric for tracking patient dose from multi-series examinations and illustrates the evaluation method through explanatory examples. Materials and methods: In each acquisition series, a previously reported method was used to evaluate the cross-sectional average dose along the z-axis of a water phantom, with inputs of CTDI vol , scan length, tube current, and patient water-equivalent diameter. With a multi-series examination, the dose at each z-location was accumulated over all acquisition series. This method was applied to four clinical CT examinations. In three abdominal/pelvic examinations (patient weight, 107, 79, 79 kg), tube current modulation was applied in five acquisition series with scan lengths of 30-41.8 cm, while tube current was fixed in other series with short scan lengths (1.0, 7.9 cm). In another CT-guided liver ablation procedure (patient weight, 114 kg), 22 series were acquired with constant mA and scan lengths of 1-30 cm. The maximum value of the overall dose profile of each examination was compared to five dose quantities, including CTDI vol,sum and SSDE sum by the ACR CT Dose Index Registry, scan length-weighted CTDI vol and SSDE by a CT dose monitoring platform, and "max z location CTDI vol " by a CT manufacturer. Results: A simple graphic display of dose as a function of the z-axis location was presented for each acquisition series and for the whole examination. Differences up to 43.4% and 42.8%, or down to À93.5%, À93.5%, and À49.0%, were observed between the maximum value of the overall dose profile and five dose quantities (in the above order), respectively. Conclusion: The overall dose profile gives a complete description of z-axis dose distribution for the studied CT examinations under a wide range of patient variables and acquisition conditions, including multiple acquisition series. Simple visualization of the doses across and beyond the scan ranges may provide a new tool for CT dose optimization.
INTRODUCTION
With the increasing use of computed tomography (CT) in diagnostic evaluation, CT-guided intervention, and screening for lung or colon cancer, radiation-induced risk for patients undergoing CT scans has received high attention. Medical institutions are adopting CT dose reduction strategies and are implementing patient dose monitoring programs, based on several quality metrics available to the community. [1] [2] [3] [4] [5] A CT system usually provides the volume CT dose index (CTDIvol). 6 It is used to quantify radiation output of a CT system, but not patient dose, because the patient may be very different from the CTDI phantom in terms of size, shape, and attenuation. 7 To account for patient size and attenuation in CT dose evaluation, the American Association of Physicists in Medicine (AAPM) Report No. 204 proposed to correct CTDI vol with a size-dependent conversion factor (f size ) for calculating the size-specific dose estimate (SSDE) in pediatric and adult body CT. 8 The conversion factors were evaluated using CT scan lengths from 15 to 30 cm. The results of four research groups indicated that f size is approximately independent of CT scanner model. AAPM Task Group 220 subsequently proposed the use of the water-equivalent diameter (WED) to take into account patient attenuation and to facilitate automated SSDE calculation. 9 Currently, CTDI vol and SSDE are used in various CT dose monitoring programs, such as the American College of Radiology (ACR) CT Dose Index Registry. 10 Aggregated reports of participating institution, regional, and national examination data are periodically reviewed to monitor the dose from the clinical CT examinations, as well as to identify the opportunities for optimizing examination protocols.
The majority of CT examinations are performed with tube current modulation (TCM). Many of them are also acquired with multiple series, such as repeated scans with contrast media. Scan length is sometimes shorter in the contrast series than in the precontrast series. Even in a prescribed single-series examination, patient movement may lead to adding more series of shorter scan lengths. In CT perfusion and CT-guided interventional procedures, almost all procedures are performed with multiple series. The clinic needs to track the patient dose from broad examinations, including fixed tube current or TCM, and single or multiple series in the same or different scan ranges and different scan lengths from 1 cm to about 1 m. As CTDI vol and SSDE were originally developed for indicating the average dose over the central scan plane of the CTDI phantom or the patient under a scan series with fixed tube current, 6, 8 they are not intended for the dose associated with TCM or multi-series examinations. Currently, there is no agreement upon which dose metric is to be used for reporting the overall dose per examination. The ACR CT Dose Index Registry provides the summation of individual CTDI vol and the summation of individual SSDE from each series. 10 A CT manufacturer (GE Inc., Waukesha, WI, USA) adopts "max z location CTDI vol ," which is the maximum value of the summation of CTDI vol in the overlapping ranges of multiple scans.
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A limitation of the above two approaches is that an arithmetical sum of either CTDI vol or SSDE over a multi-series examination has no physical meaning if the centers of these series are not at an identical z-location. A CT dose monitoring platform (Radimetrics, Bayer Healthcare, Whippany, NJ, USA) provides the scan length-weighted CTDI vol and SSDE for each examination. As the weighted quantities do not take into account the dose accumulation from multiple series, they convey no useful information about the dose from the whole examination.
In a recent work, the effects of scan length and patient size on the cross-sectional average dose from CT scans were quantified in the GEANT4-based CT simulations that modeled a SOMATOM Definition CT (Siemens Healthcare, Forchheim, Germany) with the manufacturer's specifications of the CT system. 12 The doses to water phantoms (diameters 6-55 cm) were compared to those of CTDI phantoms. The approach to equilibrium function H(L) was also evaluated for these water phantoms, where H(L) characterizes the asymptotical increase of the dose at scan range center (referred to as the midslice dose) with scan length. 13 Based on the published data of the water to CTDI phantom dose ratio and H(L) in water phantoms, 12 one can evaluate the midslice dose to water phantom scanned with constant mA and any scan length. Additionally, computational algorithms have been developed for using H(L) to directly calculate the dose at any location on the z-axis, at any tube current profile. 14, 15 This study applied the waterphantom-based dose calculations for tracking the patient dose from multi-series examinations, with the patient size and attenuation characterized by WED. 9 For each series, the dose was calculated along the z-axis of the water phantom. With a multi-series examination, the dose at each zlocation was added without ambiguity over each series. The dose distribution data can be used to generate a simple graphic display of dose information. It is expected that the overall dose profile can be incorporated into dose monitoring programs for tracking patient dose under a wide range of CT acquisition conditions.
MATERIALS AND METHODS

2.A. Evaluations of patient dose from multi-series examinations
To calculate the dose profile for each acquisition series, inputs of CTDI vol , scan range (scan start and end locations), tube current values across the scan range, and patient WED were required. The patient dose was evaluated with a water phantom, whose diameter was equal to WED.
For the water phantom undergoing a scan with constant mA, the cross-sectional average dose in the midslice (at the scan range center) was calculated by
where L was scan length. The doses at other z-axis locations were computed using a previously published dose calculation algorithm. 14 In a variable tube current scan, the CT system provided CTDI vol with the average tube current of the series ( i series ). We treated each image slice and each overscan as a separate scan range and computed a z-axis dose profile from each of them. 15 The dose profile from the entire scan series was a tube current-weighted summation of the dose profiles from all image slices and overscans:
where N was the number of image slices. In a CT examination of M acquisition series, the dose at a location on the z-axis was accumulated over each series:
We then obtained a simple graphic display of the doses across and beyond the scan ranges. The maximum value of the overall D exam (z) profile was also computed:
The above dose evaluation is illustrated in Fig. 1 . All computations were directly performed based on the published data of H(L) and dose conversion factor CTDI ∞ (water)/CTDI w (acrylic), which were previously generated with the Geant4-based Monte Carlo simulation for water phantom diameters from 6 to 55 cm and tube voltages from 70 to 140 kV. 12 No additional Monte Carlo simulation, computer simulation, or numerical integration was required.
2.B. Examples of clinical CT examinations
For explanatory purpose, we present three abdominal/pelvic CT examinations on the GE Lightspeed Pro 16 and a liver ablation procedure on the GE Lightspeed Xtra. This work complies with the requirements of the Health Insurance Portability and Accountability Act (HIPAA). Our institutional review board approved this retrospective study with a waiver of written informed consent. The gender, age, weight, and WED were, respectively, male, 58 years, 107 kg, and Table I . Tube current at each image slice was retrieved from the DICOM image headers and the results are depicted in Fig. 2. 
2.C. Comparison of the maximum value of the D exam (z) profile and other dose quantities
For reporting the overall dose per CT examination, the ACR CT Dose Index Registry adopts the total CTDI vol and the total SSDE:
The Radimetrics TM Enterprise Platform reports two surrogates of scan length-weighted dose:
where L sum is the total scan length,
In addition, a CT manufacturer (GE Inc., Waukesha, WI, USA) adopts "max z location CTDI vol ," as described in Section 1. These dose surrogates were evaluated for the above four CT examinations and the results were compared to those of our method described above. Table I, Table II . For Patients 1, 2, and 3, the maximum value from the examination dose profile was 1.4-7.4 times as high as those from the individual scan series. For Patient 4 who received a liver ablation, the maximum value from the overall dose profile was 14-36.6 times as high as those from the individual scan series. However, the maximum value in the examination dose profile was less than the arithmetic sum of the maximum values of each scan series.
RESULTS
For four examinations listed in
The results in Table II indicate that CTDI vol,sum , CTDI vol,sw , and "max z location CTDI vol " were different from the maximum dose. In the above four CT examinations, the maximum difference of CTDI vol,sum , CTDI vol,sw , and "max z location CTDI vol " from the maximum dose was 43.4%, À93.5%, and À49.0%, respectively. Although patient size and attenuation were taken into account in the SSDE evaluation, SSDE sum was higher than the maximum dose by up to 42.8%, while SSDE sw was lower than the maximum dose by down to 93.5%.
DISCUSSION AND CONCLUSIONS
CTDI vol is useful for characterizing scanner output and for comparing CT scan protocols. SSDE is useful for estimating patient size-specific dose. However, both quantities were only intended to characterize the phantom dose or patient dose in the central region of a single scan with constant mA. 6, 8 If an examination consists of multiple scans with different scan centers, the summation of CTDI vol or SSDE of each series would have no physical meaning. Therefore, the sum of these quantities would not represent the patient dose from the whole examination.
This work proposed to use dose profiles to characterize the patient dose from multi-series examinations. With the method and data that we developed and published over the last few years, 12, 14, 15 the dose profile for each series, which gives a complete description of the dose distribution along the z-direction, can be easily calculated with inputs of CTDI vol , patient size, scan length, and tube current distribution. For a multi-series examination, dose profiles from individual series can be added without ambiguity to present the overall dose profile of the examination. Although not the focus of this study, the z-axis dose profiles may also be added for a patient receiving CT examinations on different days, with additional work of image feature detection and z-axis coordinate alignment. The dose distribution data can be used to generate a simple graphic display of dose information, which is an efficient way to visualize the doses across and beyond the scan ranges. Our method can be incorporated into dose monitoring programs for accurate information on the patient dosage under a wide range of CT acquisition conditions. The visual display of dose information may provide a new tool for CT dose optimization.
